Abstract. Mathematical representations of the encapsulated phase change material (PCM) within thermal energy storage (TES) models are investigated. Applying the Effectiveness -Number of Transfer Unit (ɛ-NTU) method, the performances of these TES are presented in terms of the effectiveness considering the impact of different variable parameters. The mathematical formulations summarized can be used for future research work with the suggestion to maximize the heat transfer within the storage. Thus the optimisation on the configuration of the encapsulation can be done through a parametric analysis.
Introduction
The thermal resistance affects the discharge temperatures from a PCM storage system. In cooling applications, discharge temperatures are specified by the cooling requirements of the load. Ideally, the discharge temperature should equate to the phase change temperature of the PCM. However, due to thermal resistance, the discharge temperature will be above this temperature, and therefore a lower temperature PCM is required to achieve the same discharge temperature. As a result, charging the PCM is more energy intensive, as the efficiency of cooling systems reduces when lower cooling temperatures are required. Consequently, energy efficient storage is dependent on minimising the thermal resistance to heat transfer in the PCM storage system, effectively minimising the temperature difference between the heat sink and heat source. This approach minimises any sensible storage in the PCM which is defined by the change in temperature of the material, and as a result, sensible energy storage is ignored.
The outlet temperature from the PCM system determines the heat transferred between the heat transfer fluid and the PCM and consequently, thermal performance can be expressed in terms of a heat exchange effectiveness. This effectiveness directly relates to the thermal resistance in the PCM storage system as explained by Belusko and Bruno [1] .
Belusko and Bruno [1] define it with respect to the proportion of phase change extending the previous research by Ismail et al. [2] that had specify a local effectiveness which varies with time. Tay and other researchers have experimentally determined the average effectiveness over the phase change process for a coil in tank PCM storage system [3] [4] [5] .
The average effectiveness for PCM encapsulated in spheres has been experimentally determined by the author and team [6] . Using this average effectiveness concept, this work combines this factor with the compactness factor, to develop the energy storage effectiveness for a PCM system. Therefore, this paper discusses the main formulas in theory of using PCM for energy storage as well as proposed future research work to be done.
The ɛ-NTU formulations
If the heat transfer rate does not vary with time, the effectiveness of a PCM storage system is defined by Eqn. (1) . Therefore, over the period of phase change, the actual energy stored and released is defined by this effectiveness.
where ɛ c and ɛ d are charging and discharging effectiveness respectively, Q act is the actual stored energy, Q max is the maximum possible or theoretical stored energy, T in and T out are the inlet / outlet temperature supplied-to / exited from the PCM storage tank respectively and T pcm is the phase change temperature of the PCM used in the tank.
Equation (1) explains the principle of effectiveness in a TES in the general form. Therefore, the maximum effectiveness of unity corresponds to the outlet temperature being equal to the phase change temperature. However, heat flows from the heat transfer fluid (HTF) to the PCM and exchanges heat at the phase change temperature. At the phase change temperature the specific heat of the PCM is infinite and therefore this process can be represented by the ɛ-NTU equation for condensers and boilers. Again, the equation defines the average NTU over the phase change process as the NTU is a function of the thermal resistance between the PCM at the solid/boundary, defining the phase change front, and the HTF.
Therefore, the effectiveness of heat absorbed and released by the PCM to the HTF can be calculated using Eqn. (2) .
where ɛ is the phase change effectiveness and the number of transfer unit, NTU can be expressed as below:
The total multiplication of the overall heat transfer coefficient, U and cross-section area of the tank normal to the direction of the flow, A is replaced, since
where the total heat resistances in the PCM tank, R T is involved. Meanwhile m is the mass flow rate and Cp is the specific heat of the HTF respectively.
Generally, the expression for the total thermal resistance for PCM in a tank is shown in Eqn. (5) .
Combining Eqns. (2) and (3) gives, Consequently, the equation is based on the local NTU which varies with time. However, rather than using time, one can apply the phase change fraction, δ, into this equation. Therefore, the average phase change effectiveness calculated using the ɛ-NTU method, is then calculated by the integration of ɛ| T to the limit of 0 to 1. (8) whereτ is the total number of time steps during phase change.
Belusko and Bruno model
A generic representation of the mathematical model incorporating the ɛ-NTU method on PCM thermal storage systems with parallel plates has been done [1] and has been further described in Belusko et al. [7] . The model with the specific dimensions of PCM slabs and gaps for fluid flow has been illustrated in Figure 1 . Ideally the volumetric shrinkage of the PCM phase front could be represented by the rectangular profile as shown in Figure 2 . This assumes heat transfer within the PCM slabs as a twodimensional process with the phase change front moving from top to bottom and from upstream to downstream. This thermal resistance is a function of both the heat transfer area and the overall heat transfer coefficient, from Eqn. (4). The equation is solved by applying Eqn. (9), the overall heat transfer coefficient and Eqn. (10), the heat transfer area correlation.
Equation (9) assumes that the axial heat conduction is negligible due to the low thermal conductivity of the PCM [8] , and natural convection within the PCM is ignored which is applicable to thin slabs [9] . The heat transfer area, A is rectangular in shape with the PCM slab width of W and length of the flow path, x. Therefore, . xW A = To calculate the average phase change effectiveness, one can use Eqn. (2) . This equation ignores the sensible component in the TES system. As the latent heat transfer occurs, the phase change fraction for a PCM slab could be represented by δ:
Applying Eqn. (10) into Eqn. (4), the total thermal resistance in PCM slabs can be defined as:
Hence the heat exchange effectiveness of the TES can be calculated using the equation below: 
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Performing a single differentiation on the above equation with respect to dx and equating it to zero, one can determine the minimum effectiveness, ɛ min = 1 -exp(-hLWδ/ṁCp). Belusko and Bruno [1] identified that this equation was valid only if y ≤ H, therefore from Eqn. (10), x ≥ δL. If this condition is met then the phase change profile is defined as two dimensional. If this condition failed than the phase change profile was one dimensional with the front vertical moving from upstream to downstream. For a one dimensional front, the effectiveness is defined by:
Equation (13) consists of a single independent parameter and therefore integrating the equation from a phase fraction of 0 to 1, the average heat exchange effectiveness of the TES system with parallel plates can be defined. This study highlights that a one dimensional representation can deliver a single solution to the effectiveness of PCM encapsulated in plates.
Tay et al. model
The ɛ-NTU technique has been applied to a tube-in-tank TES system [10] . Three configurations of TES tanks were investigated and are shown in Figure 3 having (a) a single tube, (b) two tubes, and (c) four tubes placed within the system. Since the mathematical representation of the total thermal resistance was simplified to a single length tube, and therefore one dimensional, the phase change is assumed to occur from the internal surface of the tube to the external boundary of the PCM. However, there was ambiguity on the shape of the phase change front around the tubes therefore both square and round shapes are asummed. The thermal resistances for both arrangements are analytically solved, calculated from the HTF in the middle of the tubes through the tube material and then the PCM which has undergone phase change. Therefore, the total thermal resistance is calculated using Eqn. (5) . Replacing the definitions of all the resistances above, the equation becomes:
Therefore, the total resistances considering the shape factor can be written into these forms;
The phase fraction (δ) is defined as:
Therefore, the phase front based on R or Z is defined in terms of δ. Therefore the average phase change effectiveness for a tube-in-tank TES system can be represented by substituting R or Z into Eqn. (7) .
Advanced Research in Materials and Engineering Applications
The application of the ɛ-NTU technique was successfully developed and experimentally validated for characterising a tube-in-tank TES system [10] . The variation between both cylindrical and square mathematical representations was found to be negligible. The experimental study showed that for freezing the 1-D representation was accurate, however for melting the representation deviated particularly with systems which had small tube lengths. This was identified as being caused by assuming natural convection is negligible in the analysis.
Conclusions
The application of the ɛ-NTU technique was successfully developed and experimentally validated for characterising a tube-in-tank and parallel plates TES system. Future research work proposed to expand this investigation by assuming that the phase change front could be two dimensional for liquid based systems, whereas for air based systems it can be assumed one dimensional. Therefore, it also can be concluded that the ɛ-NTU method is suitable for investigating the thermal resistances in the TES system. The current research project of packed bed of sphere with the average effectiveness value can be explicitly expanded. Focus should be made on the phase change effectiveness correlation as a function of solid-liquid fraction of PCM, shape factor, temperature different. Or in other word, the total thermal resistances within the TES system, which is the factor need to be minimised.
